Effect of solution treatment temperature on trigger stress for stress induced martensitic transformation (SIMT) in Ti-10V-2Fe-3Al alloy has been investigated. The Ti-10V-2Fe-3Al tensile specimens were solution treated at 700-900℃ and quenched to room temperature in water. All specimens, except the one solution treated at 700℃, experienced the SIMT when subjected to tensile deformation. The trigger stress was observed to initially decrease with the solution temperature increasing from 720℃ to 760℃. However, it increased with the temperature increasing from 760℃ to 900℃. Optical microstructure shows that with increasing solution temperature from 700℃ to 740℃, β grain size of Ti-1023 alloy kept invariable. However, recrystallization was observed when solution treated at 760℃. The recrystallized β grains grew larger and larger with increasing solution treatment temperature from 760℃ to 900℃. In addition, the volume fraction of primary alpha phase (α p ) always decreased with increasing ST temperature from 700℃ to 780℃. The microstructure was composed of only β single phase when solution treated from 830℃ to 900℃. Energy dispersive spectrometry (EDS) analysis indicates that the molybdenum equivalency (Mo eq ) of β matrix steeply decreased initially as solution temperature increased from 700 ℃ to 760 ℃ . However, it almost kept invariable with solution treatment temperature increasing from 760℃ to 900℃. This evolution in trigger stress was attributed to the variations of volume fraction of primary α phase, chemical composition of β phase and the β grain size with different solution treatment temperatures.
Introduction
Stress induced martensitic transformation (SIMT), as an important deformation mode in titanium alloy, shows a significant influence on mechanical properties, such as a remarkable increase elongation, good fracture toughness and shape memory effect (1) (2) (3) (4) .
The trigger stress of SIMT has been found to be affected by many factors in some titanium alloys (1, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In Ti-10V-2Fe-3Al (Ti-1023) alloy, it was observed to initially decrease with test temperature up to room temperature and subsequently increase, which was attributed to the interplay of variation in chemical driving force and competitive phase transformations, e.g. β to ω transformation, with test temperature (1) . Costa et al. (11) and Furuhara et al. (12) reported that higher concentration of hydrogen and nitrogen could result in an increase in the trigger stress in Ti-1023 alloy, respectively. Bhattacharjee et al. (13) (14) reported that β grain size showed a profound effect on the trigger stress in Ti-1023 alloy, and this was attributed to the changes in free energy with different β grain size. A recent study reported the variation of the trigger stress with different volume fraction of primary α phase in Ti-Al-Nb alloys, and a U-shaped evolution of the trigger stress was observed (8) (9) .
However, to our knowledge, there is little information about effect of solution treatment temperature on trigger stress for SIMT in Ti-1023 alloy. In this article, Ti-1023 specimens were firstly solution treated at different temperatures. The trigger stress was acquired by tensile tests, subsequently. The relationship between the trigger stress and solution treatment temperatures was discussed.
Experimental Procedures
The actual chemical composition of the as-received Ti-1023 alloy is 10.2% V, 1.79% Fe, 3.2% Al, and the balance is Ti (wt%), in the form of bars with 16mm in diameter. The β transus temperature is about 805±5℃. The bars were first machined to tensile specimens with a gauge of 25mm in length and 5mm in diameter. These specimens were subsequently sealed in evacuated quartz tubes in order to prevent from oxidizing. Then, they were solution treated at 700 ℃, 720 ℃, 740 ℃, 760 ℃, 780 ℃, 830 ℃, 900℃ respectively, for 1h and quenched to room temperature by cracking the quartz in water (ST). It is worth noting that, to avoid the SIMT during sample machining, the experimental sequence should not be reversed between sample machining and solution treatment, as reported by Duerig et al. (1) and Bhattacharjee et al. (13) (14) .
Tensile test was performed on an INSTRON 1195 testing machine at a crosshead speed of 1mm/min in air at room temperature until specimen fracture. Metallographic samples were prepared and etched in a solution of 2%HF+8%HNO3+90%H2O. Phase analyses were carried out on a Rigaku D/MAX-RB X-ray diffractometer (XRD) using a Cu-Kα radiation source with an accelerating voltage of 40 kV and a current of 100mA. TEM foils of about 0.5mm in thickness were cut from the tensile specimens by a spark discharging machine. These foils were thinned to about 80µm by mechanical grinding. These foils were electrolytically thinned with a twin jet electropolisher at -30℃. They were finally examined in a JEOL JSM-200CX transmission electron microscope (TEM) operating at 160KV. Chemical composition analysis of β phase was carried out by energy dispersive spectrometry (EDS) in the TEM. At least 10 areas were measured to obtain an average value. Figure 1 shows the optical micrographs of Ti-1023 alloy solution treated at different temperatures for 1h. The volume fracture of primary α phase (α p ) was observed to decrease when ST temperature increased from 700℃-780℃, as shown in Figs. 1(a) and (b) . No α p was observed when ST temperature exceeded 830℃, as shown in Fig. 1(d) . On the other hand, as shown in Fig. 1(a) and (b), the β grain size didn't change much below 740℃. However, it became smaller when solution treated at 760℃, which could be attributed to recrystallization. Above 760℃, the β grain size became larger and larger with increasing ST temperatures, as shown in Fig. 1(d) ). The identification of phases in various solution temperatures was carried out by XRD analysis. It was also found that the solution treated samples were composed of α p and β phases when ST temperature was below 780℃, and only single β phase was observed when ST temperature exceeds 830℃. As an example, Figure 2 shows the XRD pattern after solution treated at 700℃ and 830℃, respectively. Figure 3 shows the tensile engineering stress-strain curves of the Ti-1023 specimens solution treated at different temperatures. It can be seen that the stress-strain curves under tensile loading for all specimens, except the one treated at 700℃, exhibited a typical double yielding phenomenon and strain plateau region associated with the triggering of SIMT. According to Refs. (14) and (16), these engineering stress-strain curves could be divided into four deformation stages: In stage 1, α p and/or the metastable β phase underwent the elastic deformation. In stage 2, the metastable β phase was transformed into martensite α″. In stage 3, many authors (14, 16) proposed that the stress induced martensitic transformation was completed, and the mixture of α″ and retained β phase deformed elastically. However, due to the low modulus in stage 3, the continuous transformation of the retained β phase and plastic deformation of α″ seemed to take place in stage 3. Stage 4 defined the plastic deformation of all phases. The intersection of the continuation of the initial elastic loading line and the subsequent plateau region was defined as the martensite "trigger stress" (1) , which could evaluate the stress value required to trigger SIMT. Fig. 4 . It was observed that the trigger stress required for SIMT decreased initially with ST temperature increasing from 720℃ to 760℃. Subsequently, however, the trigger stress was observed to increase with ST temperature increasing from 760℃ to 900℃. Therefore, the trigger stress reached a minimum value in the sample solution treated at 760℃. Table 1 shows the tensile properties of the Ti-1023 samples with various ST temperatures. It can be seen that there is no obvious relationship between the trigger stress and the other tensile properties (including yield stress (YS), ultimate tensile stress (UTS) and elongation (EL)) with ST temperature increasing from 700℃ to 900℃. This may be ascribed to that the trigger stress of SIMT is only a parameter to characterize the critical stress required to induce martensitic transformation (1) . It hasn't a necessary connection with the subsequent microstructural feature such as the volume fraction, size and distribution of martensites. But the feature has an important influence on the YS, UTS and EL. Figure 5 shows TEM images of the solution treated Ti-1023 samples after tensile deformation. The dark areas, as indicated in Fig. 5(a) , were determined to be α phase by the selected area electron diffraction (SAED) analyses, as imbedded in Fig. 5(a) . In β martrix areas, plate-like martensite was observed in the deformed Ti-1023 samples (Figs. 5(b-d) ), except the sample solution treated at 700℃, in which dislocation tangles were observed between α p particles, as shown by the black arrows in Fig. 5(a) . In addition, the morphology of α p particles in most ST samples were irregular, and spheroidization was observed with increasing ST temperature, as shown in Fig. 5(c) . The presence of α″ was also confirmed by XRD analysis. Figure 6 shows a XRD pattern from the tensile specimen corresponding to (α +β) solution treatment at 780℃. 
Results

Microstructures and phase analysis after ST
Trigger stress for SIMT
TEM examination and XRD analysis after tensile tests
Chemical composition of β matrix after ST
The chemical compositions of β matrix in the Ti-1023 samples solution treated at various temperatures was measured by energy dispersive spectrometry (EDS) analyses in selected β matrix in TEM. Usually, the β phase stability was characterized by molybdenum equivalent (Mo eq ), which was calculated by the following equation (17) : 
The variation of Moeq of β matrix with ST temperature in Ti-1023 alloy is shown in Fig. 7 . Mo eq of β matrix steeply decreased initially as ST temperature increased from 700℃ to 760℃, however, subsequently, it was observed to keep almost invariable above 780℃. 
Discussion
According to the thermodynamic description of thermoelastic martensite transformation behavior, it has been established that in thermodynamic equilibrium, the martensite transformation in the parent matrix can be expressed by means of the Gibbs free energy as the balance of chemical force and non-chemical force (18) (19) (20) :
where, 
. H ∆ and S ∆ are the changes in enthalpy and entropy, respectively.
Therefore, the expression for the martensite start temperature, i.e. Ms, can be acquired by rearranging equation (2):
In some titanium alloys, martensitic transformation can be triggered by external stress, although the temperature is above s M , i.e. T . The schematic illustration of thermodynamics of this stress induced martensitic transformation (SIMT) is shown in Fig. 8 . Here, the Gibbs free energy change of the system can be expressed as (21) :
where, U is the critical mechanical driving force necessary for SIMT at T , i.e. the trigger stress for SIMT. 
Solution treated below 760℃
For Ti-1023 alloy solution treated below 760℃, as shown in Fig. 1(a) and (b) , the volume fraction of α p decreased with increasing ST temperature, but, grain size of β matrix kept invariable. On the other hand, solution treatment resulted in the partitioning of alloying elements between α p and β matrix in Ti-1023. EDS analysis indicated that Mo eq of β matrix steeply decreases with ST temperature increasing from 700℃ to 760℃, as shown in Fig. 7 . The β matrix with higher Mo eq is more stable than that with lower Mo eq . In other words, from the thermodynamics point of view, the Gibbs free energy curve of the β matrix with higher Mo eq should be lower than that with lower Mo eq , as shown schematically in Fig. 9 . Assuming the resistant force of martensitic transformation to be invariable, it can be concluded from Fig. 9 that the trigger stress of SIMT is lower in the β matrix with lower Mo eq in comparison with that with higher Mo eq . Therefore, the actual trigger stress (stress required to trigger the transformation) should decrease with ST temperature increasing from 700℃ to 760℃.
On the other hand, α p particles act as strong obstacles for SIMT due to restricting the matrix/martensite mobility (22) . Therefore, the measured global trigger stress (trigger stress measured by tensile tests) should be decreased in the samples solution treated at relatively higher temperatures, in which less α p appears.
On the bases of the discussions above, with the ST temperature increasing from 700℃ to 760℃, the effects resulted from the variations in β matrix composition and α p volume fraction are consistent. Therefore, a decrease in the global trigger stress can be expected in Ti-1023 alloy with ST temperature increasing from 700℃ to 760℃. Fig. 9 . Schematic diagram of influence of molybdenum equivalent (Mo eq ) on the critical mechanical driving force (trigger stress) for SIMT at room temperature.
Solution treated at and above 760℃
For Ti-1023 alloy treated at 760℃, as shown in Fig. 1(c) , equiaxed β grains with smaller sizes were observed, which could be attributed to the occurrence of recrystallization at this temperature. Subsequently, with increased ST temperatures, β grains grew larger and larger, as shown in Figs. 1(c) and (d) . On the other hand, EDS analysis indicated that the Mo eq of β matrix almost kept invariable when ST temperature increased from 760℃ to 900℃. Therefore, ignoring the influence of the relatively very small volume fraction of α p , the variations of the trigger stress of SIMT in Ti-1023 solution treated at 760℃ to 900℃ can only be attributed to the increasing of β grain size.
Gil et al. (23) proposed the enthalpy and entropy changes were independent of grain size during SIMT. Therefore, the term 0 T in equation (3) is independent from β grain size.
Bhattacharjee et al. (13) (14) proposed that the term el E ∆ was dominant in comparison with T γ τ 0 in solution treated Ti-1023 with β grain size varying from 120 to 500µm. Sakamoto et al. (24) reported that higher the stored internal elastic energy ( el E ∆ ) could be expected in larger grains. On the bases of these discussions above, in equation (3), the term 0 T is invariable, and T γ τ 0 can be ignored. Therefore, the decrease in Ms can be expected with increasing β grain size, noting that the term S ∆ is always negative. Figure 10 shows a schematic diagram of influence of Ms in Ti-1023 alloy on the critical mechanical driving force (trigger stress) for SIMT at room temperature. It can be observed from Fig. 10 that lower Ms resulted from larger β grain size obtained by ST at higher temperature can lead to increase in trigger stress of SIMT.
On the bases of the discussions above, a U-shaped curve of trigger stress in Ti-1023 can be expected with ST temperature increasing from 700℃ to 900℃, as shown in Fig. 4 . Fig. 10 . Schematic diagram of influence of β grain size on the critical mechanical driving force (trigger stress) for SIMT at room temperature.
Conclusions
Effect of solution treatment temperature on trigger stress for stress induced martensitic transformation has been studied. The main conclusions obtained are summarized as follows.
1. With increasing ST temperature from 700℃ to 740℃, β grain size of Ti-1023 alloy kept invariable. However, recrystallization was observed when solution treated at 760℃, resulted in small and equiaxed β grains. The recrystallized β grains grew larger and larger with increasing ST temperature from 760℃ to 900℃. In addition, the volume fraction of α p phase always decreased with increasing ST temperature from 700℃ to 780℃. The microstructure was composed of only β single phase when solution treated from 830℃ to 900℃. 2. The Mo eq of β matrix steeply decreased initially as solution temperature increased from 700℃ to 760℃. However, it was found to be almost invariable with ST temperature increasing from 760℃ to 900℃. 3. A U-shaped curve of the trigger stress of SIMT in Ti-1023 alloy was observed with increasing ST temperature from 700℃ to 900℃, and the bottom is at 760℃. The decrease in the trigger stress before 760℃ can be attributed to the decreasing Mo eq and volume fraction of α p , and the increase in trigger stress after 760℃ can be mainly attributed to larger β grain size.
